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NOMENCLATURE 


ALPHA 

CONFIG 

CP 

CPC 

CSF 

CURRENT 

D 

DATA  TYPE 


DCPX 

DEL 

DEL* 

DEL** 

DEW 

DITTD 

DITTL 

E 

EBAR 


Angle  of  attack,  deg 

Model  configuration  designation 

Pressure  coefficient,  (PW-P)/Q 

Pressure  coefficient  on  forecone 

Schmidt-Boelter  gage  calibration  factor, 

Btu/ft2  -  sec  -  mv 

Hot-wire  or  hot-film  anemometer  heating 
current,  mamp 

Diameter  of  thermocouple  junction  of  total 
temperature  probe,  in. 

Code  indicating  nature  of  data  tabulated: 

"2"  -  Model  surface  pressure  and  temperature 
measurements 

"4"  -  Mean  boundary- layer  profile  measurements 
using  pitot  pressure  and  total  temperature 
probes 

"6"  -  Probe  calibration  measurements  in  free  stream 

"9"  -  Hot-wire  and  hot-film  anemometer 
probe  measurements 

Gradient  of  pressure  coefficient,  dCP/dX,  in.-! 

Boundary- layer  total  thickness,  in. 

Boundary- layer  displacement  thickness,  in. 

Boundary- layer  momentum  thickness,  in. 

Tunnel  stilling  chamber  dew  point  temperature,  °F 

Enthalpy  difference  at  boundary-layer  thickness, 
DEL,  ITTD-ITWL,  Btu/lbm 

Local  enthalpy  difference,  ITTL-ITWL,  Btu/lbm 

Schmidt-Boelter  gage  output,  mv 

Hot-wire  or  hot-film  anemometer  mean  voltage,  mv 
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ERMSA 

ERMSF 

ETA 

FIL 

GAGE 

H  (TT),  HT  (TT) 

ITT 

ITTD 

ITTL 

ITW 

ITWL 

K 

L 

LRE 

LRED 

LRET 

LRETD 

M,  MACH 

MD 

ME 

ML 

MS 

MU 


Amplified  hot-wire  anemometer  output  rms 
voltage,  mv  rms 

Amplified  hot-film  anemometer  output  rms 
voltage,  mv  rms 

Effective  total -temperature  probe  recovery  factor 
ETA=(TTLU-T)/(TT-T)  or  (TTTU-T)/(TT-T) 

Identification  of  data  file  used  for  plot 

Identification  for  Schmidt-Boelter  gage 

Heat-transfer  coefficient  based  on  TT, 

QD0T/(TT-TW) ,  Btu/ft2-sec-°R 

Enthalpy  based  on  TT,  Btu/lbm 

Enthalpy  based  on  TTD,  Btu/lbm 

Enthalpy  based  on  TTL,  Btu/lbm 

Enthalpy  based  on  TW,  Btu/lbm 

Enthalpy  based  on  TWL,  Btu/lbm 

Schmidt-Boelter  gage  temperature  calibration 

factor,  °F/mv 

Total  model  length,  in. 

Local  unit  Reynolds  number,  in.-l 

Unit  Reynolds  number  at  the  boundary- layer 

thickness,  DEL,  in.-l 

Local  "normal  shock"  unit  Reynolds  number  (based  on 
MUTTL) ,  in.-l 

"Normal  shock"  unit  Reynolds  number 
at  boundary-! ayer  thickness,  DEL, 

(based  on  MUTTD),  in.-l 

Free-stream  Mach  number 

Local  Mach  number  at  boundary- layer  thickness,  DEL 
Mach  number  at  boundary- layer  edge 
Local  Mach  number 
Model  station,  in. 

Dynamic  viscosity  based  on  T,  lbf-sec/ft2 
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MUTD 

MUTL 

MUTT 

MUTTD 

MUTTL 

P 

PHI 

POINT 

PP 

PPO 

PPE 

PT 

PT2 

PW 

PWL 

Q 

QDOT 

RE,  RE/FT 
RETD 

RHO 

RHOD,  RHD 

RHOL,  RHL 

RHOUD 

RN 

RUN 


Dynamic  viscosity  based  on  TD,  lbf-sec/ft2 

Dynamic  viscosity  based  on  TL,  lbf-sec/ft2 

Dynamic  viscosity  based  on  TT,  lbf-sec/ft^ 

Dynamic  viscosity  based  on  TTD,  1bf-sec/ft2 

Dynamic  viscosity  based  on  TTL,  lbf-sec/ft2 

Free-stream  static  pressure,  psia 

Roll  angle,  deg 

Data  point  number 

Pitot  probe  pressure,  psia 

Pitot  pressure  at  boundary-layer  thickness, 

DEL,  psia 

Pitot  pressure  at  boundary- layer  edge,  psia 

Tunnel  stilling  chamber  pressure,  psia 

Free-stream  total  pressure  downstream  of  a  normal 
shock  wave,  psia 

Model  surface  pressure,  psia 

Model  wall  static  pressure  used  for  boundary- layer 
survey  calculations,  psia 

Free-stream  dynamic  pressure,  psia 

Heat-transfer  rate,  Btu/ft2-sec 

Free-stream  unit  Reynolds  number,  in.-l  or  ft-l 

Free-stream  "normal  shock"  Reynolds  number  (based 
on  MUTT  and  D) 

Free-stream  density,  lbm/ft3 

Density  at  boundary- layer  thickness,  DEL,  lbm/ft3 

Local  density,  lbm/ft3 

(RHOD)  *  (UD),  lbm/sec-ft2 

Model  nose  radius,  in. 

Oata  set  identification  number 
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RX 


Local  radius  of  model  at  X,  in. 
Identification  of  probe  assembly 


SET 

ST(TT) 


T 

AT 

TAP 

T/C 

TD 

TDRK 

TG 

THETA 

THTC 

TL 

TT 

TTD 

TTE 

TTL 

TTLU 

TTTU 

TW 

TWL 


Stanton  number  based  on  stilling  chamber 
temperature  (TT), 

ST(TT)  =  QDOT 

(RHO)  (V) ( ITT-ITW) 

Free-stream  static  temperature,  °R,  or  °F 

Temperature  difference,  °F 

Pressure  orifice  identification  number 

Identification  for  model  surface  temperature 
measured  by  Schmidt-Boelter  gage  thermocouple 

Static  temperature  at  boundary- layer  thickness, 
DEL,  °R 

Temperature  of  Druck  probe  transducer,  °F 

Schmidt-Boelter  gage  embedded  thermocouple 
temperature,  °R 

Peripheral  angle  on  the  model  measured  from  ray  on 
model  top,  positive  clockwise  when  looking 
downstream,  deg 

Forecone  half  angle,  deg 

Local  static  temperature,  °R 

Tunnel  stilling  chamber  temperature,  °R,  or  °F 

Total  temperature  at  boundary- layer  thickness, 

DEL,  °R 

Total  temperature  at  boundary- layer  edge,  °R 
Local  total  temperature,  °R 

Uncorrected  (measured)  probe  recovery  temperature 
interpolated  at  the  pitot  probe  location,  ZP,  °R 

Uncorrected  (measured)  probe  recovery 
temperature  at  ZT,  °R 

Schmidt-Boelter  gage  surface  temperature,  °R 

Model  wall  temperature  used  for  boundary- layer 
survey  calculations,  °R 
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UD 

UE 

UL 

V 

VF 

X 

XC 

XJ 

XSTA 

ZA 

ZF 

ZP 

ZT 


Local  velocity  component  parallel  to  model  surface 
at  boundary- layer  thickness,  DEL,  ft/sec 

Local  velocity  component  parallel  to  model  surface 
at  boundary- layer  edge,  ft/sec 

Local  velocity  component  parallel  to  model 
surface,  ft/sec 

Free-stream  velocity,  ft/sec 

Exponent  for  power- law  flare  body 

Axial  location  measured  from  virtual  apex  of 
model,  in. 

Calculated  X  location  of  survey  station,  in. 

Nominal  X  location  of  cone-flare  junction,  in. 

Nominal  X  location  of  survey  station,  in. 

Hot-wire  anemometer  probe  height,  distance  to  probe 
centerline  along  normal  to  model  surface,  in. 

Hot-film  anemometer  probe  height,  distance  to  probe 
centerline  along  normal  to  model  surface,  in. 

Pitot-pressure  probe  height,  distance  to  probe 
centerline  along  normal  to  model  surface,  in. 

Total -temperature  probe  height,  distance  to  probe 
centerline  along  normal  to  model  surface,  in. 


1.0  INTRODUCTION 


The  work  reported  herein  was  conducted  by  the  Arnold  Engineering 
Development  Center  (AEDC),  Air  Force  Systems  Command  (AFSC),  under 
Program  Element  61102F,  Control  Number  2307,  at  the  request  of  the 
Wright  Research  and  Development  Center  (WRDC/FIMG),  Wright-Patterson 
Air  Force  Base,  Ohio  45433-6553.  The  WRDC/FIMG  project  manager  was 
Kenneth  F.  Stetson.  The  test  results  were  obtained  by  the  Calspan 
Corporation,  operating  contractor  for  the  Aerospace  Flight  Dynamics 
testing  effort  at  the  AEDC,  AFSC,  Arnold  Air  Force  Base,  Tennessee. 
The  test  was  conducted  in  the  Hypersonic  Wind  Tunnel  B  of  the  von 
Karman  Gas  Dynamics  Facility  during  the  period  from  May  7  to  11,  1990, 
under  AEDC  Project  Number  CP91VB  (Tests  Number  320  and  326). 

The  objective  of  this  test  was  to  investigate  the  influence  of 
constant  adverse  pressure  gradients  upon  the  development  of  laminar 
boundary- layer  flow  instabilities  in  hypersonic  flow.  The  test  was 
the  ninth  in  a  series  of  cooperative  efforts  between  WRDC/FIMG  and 
AEDC/DOF  which  have  investigated  various  aspects  of  hypersonic 
boundary- layer  stability.  The  first  seven  tests  examined  the  flow  over 
sharp  and  blunt  cones  while  the  eighth  test  examined  the  flow  over  a 
hollow  cylinder.  Representative  documentation  of  the  previous  tests  is 
given  in  Refs.  1-5.  Selected  results  of  the  tests  involving  the  flow 
over  cones  are  presented  in  Refs.  6-10. 

Two  axisymmetric  models  were  designed  and  fabricated  for  this 
test.  The  two  configurations  had  the  same  conical  forebody  and 
differed  in  the  value  of  the  design  pressure  gradient  of  the  flare 
afterbody.  The  principal  measurements  of  this  investigation  were 
hot-wire  anemometer  probe  data  acquired  at  the  position  in  the  local 
boundary- layer  profile  where  the  disturbance  energy,  sensed  by  the 
anemometer  probe,  was  maximum.  These  data  were  obtained  at  27  stations 
located  at  one-inch  intervals  of  X  along  each  of  the  models. 
Additional  anemometer  data  were  acquired,  using  hot-film  probes,  to 
evaluate  the  capabilities  of  the  film  probe  for  tests  of  this  nature. 
The  anemometer  data  were  supplemented  by  surveys  of  the  boundary  layer 
on  each  model  using  pitot  pressure  and  total  temperature  probes. 
Measurements  of  model  surface  pressure,  temperature,  and  heat-flux 
were  also  made  on  both  models.  The  testing  was  done  at  free-stream 
Mach  number  8,  generally  at  a  free-stream  unit  Reynolds  number  of 
one-million  per  foot,  at  nominal  zero  angle  of  attack.  A  limited 
amount  of  model  surface  data  was  obtained  at  additional  unit  Reynolds 
numbers. 

The  purpose  of  this  report  is  to  document  the  test  and  to  describe 
the  test  parameters.  The  report  provides  information  to  permit  use  of 
the  data  but  does  not  include  any  data  analysis,  which  is  beyond  the 
scope  of  the  report. 

The  final  data  from  the  test  have  been  transmitted  to  WRDC/FIMG. 
Requests  for  the  data  should  be  addressed  to  WRDC/FIMG, 
Wright-Patterson  Air  Force  Base,  Ohio  45433-6553.  A  copy  of  the  data 
is  on  file  at  the  AEDC. 
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2.0  APPARATUS 


2.1  TEST  FACILITY 

The  AEDC  Hypersonic  Wind  Tunnel  B  (Fig.  1)  is  a  closed-circuit 
wind  tunnel  with  a  50- in. -diameter  test  section.  Two  axisymmetric 
contoured  nozzles  are  available  to  provide  Mach  numbers  of  6  and  8,  and 
the  tunnel  may  be  operated  continuously  over  a  range  of  pressure  from 
40  to  300  psia  at  Mach  number  6,  and  100  to  900  psia  at  Mach  number  8, 
with  air  supplied  by  the  von  (Carman  Gas  Dynamics  Facility  ( VKF)  main 
compressor  plant.  Stagnation  temneratures  sufficient  to  avoid  air 
liquefaction  in  the  test  section  (up  to  1,350°R)  are  obtained  through 
the  use  of  a  natural  gas  fired  combustion  heater.  The  entire  tunnel 
(throat,  nozzle,  test  section,  and  diffuser)  is  cooled  by  integral, 
external  water  jackets.  The  tunnel  is  equipped  with  a  model  injection 
system,  which  allows  removal  of  the  model  from  the  test  section  while 
the  tunnel  remains  in  operation.  A  description  of  the  tunnel  and 
airflow  calibration  information  may  be  found  in  Ref.  11. 

2.2  TEST  ARTICLES 

Two  axisymmetric  test  articles  (Fig.  2),  fabricated  of  type 
17-4  PH  stainless  steel,  were  supplied  for  this  investigation  by 
WRDC/FIMG.  Each  model  had  a  total  axial  length  of  40  in.,  and  the 
contour  was  divided  into  three  sections:  (1)  a  conical  forebody  (19  in. 
long)  with  a  sharp  nose  and  7-deg  vertex  half  angle,  (2)  a  quintic 
fillet  (3  in.  long)  which  provided  continuous  curvature  between  the 
forecone  and  the  after  body,  and  (3)  a  slender  constant  adverse 
pressure  gradient  flare  (18  in.  long).  The  two  models  differed  in  the 
value  of  the  design  pressure  gradient.  The  contour  of  each  model  was 
developed  by  AEDC  under  another  project  for  WRDC  using  modified 
Newtonian  theory.  The  contour  was  partially  validated  with  inviscid 
computational  fluid  dynamic  calculations  by  AEDC.  The  design  Mach 
number  was  8.  The  resulting  theoretical  flare  was  a  power- law 
body.  For  the  lower  value  of  design  pressure  gradient,  a  power-law 
exponent  of  1.50  provided  an  adequate  constant  pressure  gradient 
distribution  with  d(PW/P)/<fX  =  0.04  per  in.,  nominal.  This  model,  with 
the  smaller  pressure  gradient,  was  designated  DP/DX : 1 .  For  the 
larger-gradient  flare,  the  exponent  was  relaxed  to  a  value  of 
1.43  to  improve  the  flatness  of  the  theoretical  gradient  distribution 
with  d(PW/P)/dX  =  0.125  per  in.,  approximately.  The  model  with  the 
larger  pressure  gradient  was  designated  DP/DX: 4.  The  body  geometry  for 
the  flare  section  was  described  by  the  equation 


RX 

tan(THTO 

1 

XJ  +  - 

(CPO 

|  /  (L)  (DCPX) 

f- 

XJ\  \VF 

-  —  +  1  -1 

L 

L 

(VF) 

(DCPX) 

[  \  (CPO 

V  L 

L  1  ) 

The  test  articles  were  mounted  in  the  model  injection  system  using 
a  water-cooled  sting.  A  photograph  of  the  test  installation  of 
Configuration  0P/0X:4  is  shown  in  Fig.  3. 
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Each  model  was  instrumented  with  24  static  pressure  orifices: 
21  crifices  along  the  180-deg  (bottom)  ray  of  the  model  and  one  orifice 
on  each  of  the  0-,  90-,  and  270-deg  rays  at  X  =  38  in.  Each  orifice 
was  located  in  a  plug  press-fitted  into  the  model  surface,  and  the 
orifice  diameter  was  0.040  in.  The  stainless  steel  tubing  connected  to 
each  orifice  had  an  O.D.  of  0.094  in.  and  an  I.D.  of  0.062  in.  The 
small er-gradient  model  was  instrumented  with  20  Schmidt-Boelter 
heat-transfer  gages  of  0.1875-in.  diameter  along  the  90-deg  ray  of  the 
model.  The  larger-gradient  model  was  instrumented  similarly  but  had 
seven  additional  gages  between  X  =  36  and  X  =  38  in.  along  other  rays. 
The  locations  of  the  orifices  and  gages  are  listed  in  Table  1  for  both 
model  configurations. 

2.3  FLOW-FIELD  SURVEY  MECHANISM 

Surveys  of  the  flow  field  were  made  using  a  retractable  survey 
system  (X-Z  Survey  Mechanism)  designed  and  fabricated  by  the  AEDC. 
This  mechanism  makes  it  possible  to  change  survey  probes  while  the 
tunnel  remains  in  operation.  The  mechanism  is  housed  in  an  air  lock 
immediately  above  a  port  in  the  top  of  the  Tunnel  B  test  section. 
Access  to  the  test  section  is  through  a  40-in. -long  by  4-in. -wide 
opening  which  is  sealed  by  a  pneumatically  operated  door  when  the 
mechanism  is  retracted.  Separate  drive  motors  are  provided  tn 
(1)  insert  the  mechanism  into  the  test  section  or  retract  it  into  the 
housing  (Z  drive),  (2)  position  the  mechanism  at  any  desired  axial 
station  over  a  range  of  35  in.  (X  drive),  and  (3)  survey  a  flow  field 
of  approximately  10-in.  depth  (Z'  drive).  A  pneumatically  operated 
shield  is  p -ovided  to  protect  the  probes  during  injection  and 
retraction  through  the  tunnel  boundary  layer,  during  changes  in  tunnel 
conditions,  and  at  all  times  when  the  probes  are  not  in  use  (Fig.  3). 

The  probes  required  for  flow-field  survey  measurements  were 
rake-mounted  on  the  X-Z  mechanism  (Fig.  3)  at  the  foot  of  the  V  drive 
strut  that  was  extended  or  retracted  to  accomplish  the  survey.  The 
angle  of  the  survey  strut  with  respect  to  the  vertical  was  fixed  by 
manually  sweeping  the  strut  to  the  selected  angle  between  5  deg  (swept 
upstream)  and  -15  deg  (swept  downstream)  and  locking  the  strut  in 
position.  In  the  present  test,  the  sweep  angle  of  the  strut  was  set  at 
-8.0  deg  for  the  smal  1  er-gradient  model  and  at  -9.0  deg  for  the 
larger-gradient  model.  In  either  case,  the  direction  of  a  survey  was 
no  more  than  2.0  deg  from  the  local  normal  to  the  model  surface. 

A  sketch  of  the  survey  probe  rake  is  shown  in  Fig.  4.  The  top  and 
rear  surfaces  of  the  rake  were  designed  to  mate  to  the  Z'  drive  strut 
of  the  X-Z  Survey  Mechanism.  The  rake  was  provided  with  four  0.10-in. 
I.D.  tubes  through  which  were  mounted  the  flow  field  survey  probes. 
Each  tube  was  fitted  with  a  clamp  to  hold  the  probe  in  position.  The 
outboard  tube  on  either  side  of  the  probe  rake  was  located  in 
a  removable  section  (Fig.  4).  Several,  identical  copies  of  these 
removable  components  were  available.  This  feature  facilitated  the 
installation  and  replacement  of  fragile  probes  and  allowed  critics' 
probe  alignments  to  be  made  in  advance  under  a  laboratory  microscope, 
as  required  for  the  anemometer  probes.  Removable  sections  were  also 
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available  with  a  tube  diameter  of  0.11-in.  I.D.  to  accommodate  the 
hot-film  probes. 

2.4  FLOW-FIELD  SURVEY  PROBES 

The  hot-wire  anemometer  probes  (Fig.  5a)  were  fabricated  by 
AEDC.  Platinum,  10-percent-rhodium  wires,  drawn  by  the  Wollaston 
process,  of  20-pin.  nominal  diameter  and  approximately  140  diameters  in 
length  were  attached  to  sharpened  3-mil  nickel  wire  supports  using 
a  bonding  technique  developed  by  Philco-Ford  Corporation  (Ref.  12). 
The  wire  supports  were  inserted  in  an  alumina  twin-bore  cylinder  of 
0.032-in.  0.0.  and  0.25-in.  length,  which  was,  in  turn,  cemented  to  an 
alumina  twin-bore  cylinJer  of  0.063-in.  O.D.  and  3.0-in.  length 
that  carried  the  hot-wire  leads  through  the  probe  holder  of  the  survey 
mechanism.  The  larger-diameter  alumina  cylinder  was  cemented  inside  a 
stainless  steel  sleeve  with  an  O.D.  of  0.93  in. 

The  pitot  pressure  probe  (Fig.  5b)  had  a  cylindrical  tip  of 
0,007-in.  inside  diameter.  This  probe  was  fabricated  by  cold-drawing  a 
stainless  steel  tube  through  a  set  of  wire-drawing  dies  until  the 
desired  inside  diam  was  obtained.  The  outside  surface  of  the  drawn 
tube  was  subsequently  electropol ished  to  a  diameter  of  0.015  in.  to 
minimize  interference  with  the  flow  field  surveyed.  This  tube  was 
telescoped  in  a  succession  of  larger  diameter  tubes  for  installation  in 
the  probe  rake. 

The  unshielded  total  temperature  probe  was  fabricated  from  a 
length  of  sheathed  thermocouple  wire  (0.020-in.  O.D.)  containing 
two  0.004- in. -diam  wires.  The  wires  were  bared  for  a  length  of 
approximately  0.040  in.,  and  a  thermocouple  junction  of  approximately 
0.008  in.  diameter  was  made.  Details  of  this  probe  are  shown  in 
Fig.  5c. 

A  hot-film  anemometer  probe  (Fig.  5d)  was  included  among  the 
diagnostic  devices  used  in  this  test  in  order  to  evaluate  the 
capabilities  of  the  film  probe  for  possible  applications  to  future 
boundary-’  *yer  stability  studies.  The  films  appear  to  promise 
considerably  greater  durability  than  the  wires  described  in  the  earlier 
paragraph,  especially  for  applications  in  flows  with  elevated  dynamic 
pressures  (Q  greater  than  3  psia,  say)  where  air  loads  cause  an 
unacceptable  rate  of  sensor  failures  by  producing  excessive  tension  in 
the  wires.  The  hot-film  probes  were  fabricated  for  AEDC  by 
Dr.  A.  Demetriades  of  Montana  State  University,  under  a  separate 
project. 

The  body  of  the  hot-film  probe  was  an  alumina  twin-bore  cylinder 
of  0.102-in.  O.D.  and  4.0-in.  length.  The  upstream  15-percent  of  the 
body  was  ground  to  a  wedge  shape  and  capped  by  a  glaze  tip  which  was 
fused  to  platinum  lead  wires  inserted  in  the  cylinder.  The  glaze 
leading  edge  was  ground  and  polished  to  give  a  wedge  tip  of 
approximately  0.02-in.  height  and  0.07-in.  width.  The  film  was  applied 
as  a  thin  line  of  a  liquid  platinum  resinate  solution  along  the  major 
axis  of  the  probe  tip  face,  from  one  lead  wire  to  the  other.  The 
organic  matter  of  the  coating  was  volatilized  by  placing  the  probe  in  a 
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high-temperature  oven,  and  a  film  of  high-purity  platinum  remained  on 
the  tip. 

In  addition  to  the  probes  used  for  survey  measurements,  a 
"touch-sensor"  wire  was  attached  to  the  probe  shield  to  halt  the  probe 
drive  mechanism  prior  to  contact  of  the  shield  with  the  model.  (See 
Sections  2.3  and  3.1.)  The  "touch  sensor"  was  made  by  brazing  a  lead 
wire  to  a  piece  of  0.031-in. -0.D.  steel  tubing.  This  tubing  was 
telescoped  in  a  larger  diameter  tube  (0.093-in.  O.D.)  and  electrically 
isolated  from  the  larger  tube  using  Pyroceram®  cement.  The  inner 
tubing  was  bent  to  make  contact  with  the  model  surface  as  required. 

2.5  TEST  INSTRUMENTATION 

2.5.1  Standard  Instrumentation 

The  measuring  devices,  recording  devices,  and  calibration  methods 
for  all  parameters  measured  during  this  test  are  listed  in  Table  2. 
Also,  Table  2  identifies  the  standard  wind  tunnel  instruments  and 
measuring  techniques  used  to  define  test  parameters  such  as  the  model 
attitude,  the  model  surface  conditions,  probe  positions,  and  probe 
measurements.  Additional  special  instrumentation  used  in  support  of 
this  test  effort  is  discussed  in  the  succeeding  subsections. 

2.5.2  Model  Surface  Instrumentation 

The  locations  of  the  model  instrumentation  are  listed  in  Table  1. 
The  surface  pressure  orifices  (TAP  1  -  TAP  24)  on  the  model  had  a 
diameter  of  0.040  in.,  and  the  pressures  were  measured  using  one-psid 
Druck®  transducers  or  2.5-psid  ESP®  transducers  included  in  the 
Standard  Pressure  System  of  Tunnel  B. 

The  Schmidt-Boelter  heat-flux  gages  were  fabricated  by  the  AEDC. 
Each  gage  consisted  of  a  0.025-in.  diam  thick  anodized  aluminum  wafer 
which  was  wrapped  with  0.002-in.-diam  constantan  wire.  One-half  of  the 
wafer  was  copper-plated,  creating  a  multi-element  copper-constantan 
differential  thermocouple.  The  wire-wound  wafer  was  partially 
surrounded  by  an  aluminum  heat  sink,  and  the  top  surface  of  the  wafer, 
adjacent  to  the  air  flow  over  the  model,  was  covered  with  a  thin  layer 
of  Epoxy®  and  then  painted  with  a  high-temperature  paint.  On  the 
inside  of  each  gage,  an  iron-constantan  thermocouple  was  used  to 
measure  the  temperature  (TG)  of  the  wafer  bottom  surface.  This 
temperature  and  the  output  of  the  differential  thermocouple  were  used 
to  determine  gage  surface  temperature  (TW)  and  the  corresponding  heat- 
transfer  rate  employing  laboratory-calibrated  scale  factors  (See 
Section  3.3.5.).  A  more  detailed  description  of  the  Schmidt-Boelter 
gage  is  given  in  Ref.  13. 

2.5.3  Hot-Wire  Anemometry  Instrumentation 

Flow  fluctuation  measurements  were  made  using  hot-wire  anemometry 
techniques.  Constant-current  hot-wire  anemometer  instrumentation  with 
auxiliary  electronic  equipment  was  furnished  by  AEDC.  The  anemometer 
current  control  (Philco-Ford  Model  ADP-13)  which  supplies  the  heating 
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current  to  the  sensor  is  capable  of  maintaining  the  current  at  any  one 
of  15  preset  values  individually  selected  using  push-button  switches. 
The  anemometer  amplifier  (Philco-Ford  Model  ADP-12),  which  amplifies 
the  wire-response  signal,  contains  the  circuits  required  to  compensate 
the  signal  electronically  for  thermal  lag  which  is  a  characteristic  of 
the  finite  heat  capacity  of  the  sensor.  A  square-wave  generator 
(Shapiro/Edwards  Model  G-50)  was  used  in  determining  the  time  constant 
of  the  sensor  whenever  required.  The  sensor  heating  current  and  mean 
voltage  were  fed  to  autoranging  digital  voltmeters  for  a  visual  display 
of  these  two  parameters  and  to  a  Bell  and  Howell  Model  VR3700B  magnetic 
tape  machine  and  to  the  tunnel  data  system  for  recording.  The  sensor 
response  a-c  voltage  was  fed  to  an  oscilloscope  for  visual  display  of 
the  raw  signal  and  to  a  wave  analyzer  (Hewlett-Packard  Model 
8553B/8552B)  for  visual  display  of  the  spectra  of  the  fluctuating 
signal  and  was  recorded  on  magnetic  tape  for  subsequent  analysis  by 
AEDC.  A  detailed  description  of  the  hot-wire  anemometer  instrumentation 
is  given  in  Ref.  14. 

The  a-c  response  signal  from  the  hot-wire  anemometer  probe  was 
recorded  using  the  Bell  and  Howell  Model  VR3700B  magnetic  tape  machine 
in  the  FM-WBII  mode.  This  channel,  when  properly  calibrated  and 
adjusted,  has  a  signal-to-noise  ratio  of  35  db  at  1  volt  rms  output  and 
a  frequency  response  of  +1  to  -3  db  over  a  frequency  range  of  0  to 
500  kHz.  A  sine  wave  generator  was  used  to  check  each  channel  at 
several  discrete  frequencies,  using  an  rms-voltmeter  which  is 
periodically  calibrated  on  the  1-,  10- ,  and  100-volt  ranges.  The 
sensor  heating  current  and  mean  voltage  signals  from  the  hot-wire 
anemometer  were  also  tape-recorded,  using  the  FM-WBI  mode.  Magnetic 
tape  recordings  were  made  with  a  tape  speed  of  60  or  120  in. /sec.  (See 
Section  3.2.1.) 

2.5.4  Pitot  Probe  Pressure  Instrumentation 

Pitot  probe  pressures  were  measured  during  surveys  of  the  model 
boundary  layer  using  a  15-psid  Druck  transducer  calibrated  for  10-psid 
full  scale.  As  the  probe  was  moved  across  the  boundary  layer,  the 
small  size  of  the  pitot  probe  (Section  2.4)  required  a  time  delay 
between  points  in  order  to  stabilize  the  pressure  within  the  probe 
tubing  between  orifice  and  transducer.  In  order  to  reduce  the  lag 
time,  the  pitot  pressure  transducer  was  housed  in  a  water-cooled 
package  attached  to  the  trailing  edge  of  the  strut  on  which  the  probe 
rake  was  mounted  (Section  2.3).  The  distance  between  orifice  and 
transducer  was  approximately  18  in.  The  resultant  lag  time  was  about 
one  second. 

2.5.5  Hot-Film  Anemometry  Instrumentation 

For  flow  fluctuation  measurements  made  with  hot-film  probes, 
constant-current  anemometry  techniques  were  used.  Higher  currents  are 
generally  required  to  heat  the  film  sensor  to  sensitivies  comparable  to 
those  used  with  the  hot  wire.  A  special  current  control  circuit  was 
prepared  by  AEDC  which  differed  from  the  Philco-Ford  Model  ADP-13,  used 
with  the  hot-wire  probes,  in  being  able  to  supply  higher  values  of 
current  to  heat  the  sensor.  The  anemometer  amplifier  used  with  the 
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hot-film  measurements  was  a  Philco-Ford  Model  ADP-12,  identical  in 
design  to  the  amplifier  used  with  the  hot-wire  probe.  The  auxiliary 
instrumentation  used  to  measure  and  record  the  hot-film  signals  was  the 
same  as  that  used  with  the  hot-wire  probes,  as  described  in  Section 
2.5.3. 


A  simple  method  for  determining  the  time  constant  of  the  film 
sensor  with  its  substrate  is  not  yet  available.  In  the  present  effort, 
the  value  of  time  constant  which  was  set  in  the  compensation  stage  of 
the  amplifier  was  estimated  rather  than  measured.  However,  the 
settings  should  allow  qualitative  evaluation  of  the  film  performance  at 
the  high  frequencies  characteristic  of  the  laminar  disturbances  in 
hypersonic  boundary  layers.  This  evaluation  is  beyond  the  scope  of  the 
present  report. 


3.0  TEST  DESCRIPTION 
3.1  TEST  CONDITIONS  AND  PROCEDURES 

A  summary  of  the  nominal  test  conditions  is  given  below. 
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A  summary  of  the  test  runs  for  the  present  measurements  using  the 
two  pressure  gradient  models  is  given  in  Table  3.  Boundary-layer 
measurements  were  made  only  at  RE/FT  =  1.0  million. 

In  the  continuous-flow  Tunnel  B,  the  model  is  mounted  on  a  sting 
support  mechanism  in  an  installation  tank  directly  underneath  the 
tunnel  test  section.  The  tank  is  separated  from  the  tunnel  by  a  pair 
of  fairing  doors  and  a  safety  door.  When  closed,  the  fairing  doors, 
except  for  a  slot  for  the  pitch  sector,  cover  the  opening  to  the  tank, 
and  the  safety  door  seals  the  tunnel  from  the  tank  area.  After  the 
model  is  prepared  for  a  data  run,  the  personnel  access  door  to  the 
installation  tank  is  closed,  the  tank  is  vented  to  the  tunnel  flow,  the 
safety  and  fairing  doors  are  opened,  the  model  is  injected  into  the 
airstream,  and  the  fairing  doors  are  closed.  After  the  data  are 
obtained,  the  sequence  is  reversed;  the  model  is  retracted  into  the 
tank  which  is  then  vented  to  atmosphere  to  allow  access  to  the  model  in 
preparation  for  the  next  run.  The  sequence  is  repeated  for  each 
configuration  change. 

Probes  mounted  to  the  X-Z  mechanism  (Section  2.3)  are  deployed  for 
measurements  by  the  following  sequence  of  operations:  the  air  lock  is 
closed,  secured  over  the  mechanism,  and  evacuated;  and  the  access  door 
to  the  tunnel  test  section  is  opened.  The  various  drive  systems  are 
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used  to  inject  the  probes  Into  the  test  section  and  position  the  probes 
at  a  designated  survey  station  along  the  length  of  the  model,  the 
shield  protecting  the  probes  is  raised  exposing  them  to  the  flow,  and 
the  flow  field  is  traversed  to  selected  probe  heights.  When  the 
traverse  has  been  concluded,  the  shield  is  closed  over  the  probes,  and 
the  mechanism  is  repositioned  along  the  model.  When  the  surveys  are 
completed  or  when  a  probe  is  to  be  replaced,  the  X-Z  Mechanism  is 
retracted  from  the  flow,  and  the  test  section  access  door  is  closed. 
The  air  lock  is  then  vented  tu  atmosphere  and  opened  to  allow  personnel 
access  to  the  mechanism. 

The  survey  probe  height  relative  to  the  model  was  monitored  using 
a  high-magnification,  closed-circuit  television  (CCTV)  system.  The 
video  camera  was  fitted  with  a  telescopic  lens  system  which  gave  a 
magnification  factor  of  20  for  the  monitor  image.  The  probe  and  model 
were  back-lighted  using  the  collimated  light  beam  from  the  Tunnel  B 
shadowgraph  system  which  produced  high-contrast  silhouettes  of  the 
model  and  probe  (Fig.  6).  The  camera  was  mounted  on  a 
horizontal -vertical  traversing  mount  to  facilitate  alignment  of  the 
camera  with  the  probe  at  various  model  stations  visible  through  the 
test  section  windows.  The  video  camera  was  interfaced  with  an  image 
analyzer/digitizer  system  which  was  used  to  measure  the  distance 
between  the  probe  and  model  surface  using  computer-assisted  image 
analysis  techniques.  For  each  measurement  the  lower  edge  of  the  probe 
and  the  upper  edge  of  the  model  surface  were  located  by  an  operator 
using  a  cursor  with  the  video  image.  The  system  was  calibrated  prior 
to  testing  by  the  same  operator  using  the  same  technique  to  locate 
edges  separated  by  a  known  distance. 

A  hardcopy  of  the  video  image  of  the  probes  and  model  edge  was 
provided  in  near  real-time,  showing,  by  means  of  a  graphics  line,  the 
location  of  the  edges  measured  and  displaying  a  printout  of  the 
measured  distance  and  other  pertinent  information.  The  accuracy  of 
this  measurement  technique  was  determined  to  be  better  than  ±0. 0007-in. 
over  a  range  of  0.003  to  0.2  in.  under  air-off  conditions.  The  video 
images  used  for  test  measurements  were  recorded  on  disk  for  post  test 
review,  if  needed. 

The  flcw-field  surveys  were  accomplished  in  the  following 
sequence:  (1)  the  survey  mechanism  was  positioned  at  the  desired 
model  axial  station  (XSTA)  by  the  controller  operating  in  either  manual 
or  automatic  mode  and  locked  in  axial  position,  (2)  the  survey 
mechanism  was  driven  downward  toward  the  surface  by  the  controller 
until  the  "touch-sensor"  wire  (Section  2.4)  attached  to  the  probe 
shield  made  contact  with  the  model  surface,  (3)  final  adjustments  of 
probe  instrumentation  were  made  and  the  shield  was  raised,  (4)  the 
survey  mechanism  was  driven  toward  the  model  surface  by  the  controller 
in  the  manual  mode  to  a  position  close  to  (generally  0.040  to 
0.060  in.  above)  the  surface,  (5)  measurements  of  probe  positions 
relative  to  the  surface  and  to  each  other  were  made  using  the  image 
analyzer  and  the  information  was  manually  entered  into  the  data  system, 
(6)  the  probes  were  traversed  across  the  flow  field  in  selected 
increments  by  the  controller  in  the  manual  mode  to  acquire  the 
desired  data,  (7)  the  axial  position  of  the  survey  mechanism  was 


14 


unlocked  and  the  mechanism  was  repositioned  at  the  next  survey  station 
along  the  model. 

3.2  OATA  ACQUISITION 

The  primary  test  technique  used  in  the  present  investigation  of 
the  development  of  instabilities  in  a  laminar  boundary  layer  was 
hot-wire  anemometry.  In  addition,  mean-flow  boundary- layer  profile 
data  (pitot  pressure  and  total  temperature  profiles)  were  acquired  in 
order  to  define  the  flow  environment  in  the  vicinity  of  the  hot-wire. 
All  boundary- layer  measurements  were  made  above  the  top  (zero)  ray  of 
the  model.  Surface  pressures  and  temperatures  on  the  model  were 
measured  to  supplement  the  profile  data.  The  various  types  of  data 
acquired  are  summarized  in  Table  3.  Model  stations  for  surveys  are 
listed  in  Tables  3a  and  3b. 

3.2.1  Anemometry  Data 

The  hot-wire  anemometer  data  acquired  during  the  present  testing 
were  of  two  general  categories:  (1)  continuous-traverse  surveys  of  the 
boundary  layer  to  map  the  response  of  the  hot-wire  anemometer  as  a 
function  of  distance  from  the  surface  and  (2)  discrete-point  hot-wire 
measurements  using  the  wire  operated  at  one  or  eleven  wire  heating 
currents  at  one  or  more  locations  on  a  profile. 

Data  of  the  first  category  were  acquired  with  the  hot  wire 
operated  using  a  single  heating  current,  in  the  present  case  the 
maximum  (practical)  current.  The  probe  was  generally  translated  in  a 
continuous  manner  from  near  the  model  surface  outward  beyond  the  edge 
of  the  boundary  layer.  These  data  were  recorded  only  as  analog  plots 
of  the  hot-wire  response  (rms  of  the  a-c  voltage  component)  versus 
probe  height  above  the  model  surface.  The  plot  was  used  primarily  for 
the  purpose  of  determining  the  station  in  the  boundary- layer  profile 
where  the  hot-wire  output  reached  a  maximum  value. 

Discrete-point  hot-wire  data  (second  category)  were  acquired  at 
locations  determined  from  the  continuous-traverse  surveys  (first 
category  data).  The  point  of  maximum  rms  voltage  output  of  the  hot 
wire,  the  "maximum  energy  point"  of  the  profile,  was  selected  for 
quantitative  measurements  at  each  model  station.  The  quantitative  data 
were  acquired  using  each  of  eleven  wire  heating  currents;  one  current 
was  nominal-zero  to  obtain  a  measurement  of  the  electronic  noise  of  the 
anemometer  instrumentation.  Each  wire  heating  current,  wire  mean 
voltage  (d-c  component)  and  the  rms  value  of  the  wire  voltage 
fluctuation  (a-c  component)  were  measured  40  times  using  the  Tunnel  B 
data  system.  At  the  same  time,  the  hot-wire  parameters  were  recorded 
(generally,  a  five-second  record  duration)  on  magnetic  tape  with  a  tape 
transport  speed  of  120  in. /sec. 

Discrete-point  hot-wire  data  were  also  obtained  simultaneously 
with  certain  of  the  boundary-layer  mean-flow  profile  data 
(Section  3.2.2).  In  this  case  a  measurement  and  recording  of  the 
electronic  noise  was  made  only  at  the  start  of  the  traverse  and  was 
assumed  to  be  valid  for  all  points  of  the  profile.  At  the  other  points 
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of  the  traverse  the  hot  wire  was  operated  at  the  maximum  heating 
current  selected  for  the  first  category  data.  The  tape  recording 
duration  was  5  sec  at  each  point  and  a  tape  transport  speed  of 
60  in. /sec  was  used. 

Hot-film  probe  data  were  acquired  simultaneously  with  the  hot-wire 
measurements.  However,  the  hot-wire  and  hot-film  sensors  generally 
were  not  at  the  same  height  above  the  surface  of  the  model  during 
acquisition  of  a  set  of  measurements.  Therefore,  the  sensors  were 
exposed  to  different  values  of  flow  disturbance.  Specifically,  when 
the  hot  wire  was  at  the  location  of  maximum  disturbance  energy,  the  hot 
film  was  located  at  a  point  of  less  disturbance  energy.  As  a  result, 
comparison  of  the  response  signals  of  the  two  sensors  generally  must  be 
confined  to  their  spectra.  Such  comparisons  are  beyond  the  scope  of 
this  report. 

3.2.2  Profile  and  Surface  Data 

Mean-flow  boundary- layer  profiles  generally  extended  from  a  height 
of  0.04  to  0.06  in.  above  the  model  surface  to  a  distance  of  1.5  times 
the  boundary- layer  total  thickness.  A  profile  typically  consisted 
of  40  data  points  (heights).  The  probe  direction  of  travel  was  at  an 
angle  of  8.0  or  9.0  deg  with  respect  to  the  vertical,  depending  on  the 
model  configuration.  (See  Section  2.3). 

Model  surface  pressures,  temperature  distributions,  and  heat-flux 
distributions  were  acquired  to  supplement  the  bound ary- layer  surveys. 
The  surface  pressures  and  temperatures  were  monitored  throughout  the 
test. 


3.2.3  Anemometer  and  Total  Temperature  Probe  Calibrations 

The  evaluation  of  flow  fluctuation  quantitative  measurements  made 
using  hot-wire  anemometry  techniques  requires  a  knowledge  of  certain 
thermal  and  physical  characteristics  of  the  wire  sensor  employed.  In 
the  application  of  the  hot  wire  to  wind  tunnel  tests,  two  complementary 
calibrations  are  used  to  evaluate  the  wire  characteristics  needed.  The 
first  calibration  of  each  hot-wire  probe  is  performed  in  the 
instrumentation  laboratory  prior  to  the  testing:  the  probe  is  placed 
in  an  oven,  and  the  resistance  of  the  wire  at  zero  heating  current  is 
determined  at  up  to  27  oven  temperatures  between  room  temperature  and 
600QF.  The  wire  reference  resistance  at  32°F  and  the  thermal 
coefficient  of  resistance,  also  at  32°F,  are  obtained  from  the  results; 
the  wire  aspect  (length-to-diameter)  ratio  is  determined,  using  the 
wire  resistance  per  unit  length  specified  by  the  manufacturer  with  each 
supply  of  wire.  Moreover,  it  has  been  established  that  the  exposure  of 
the  probes  to  the  elevated  temperatures  of  the  oven  calibration  often 
serves  to  eliminate  probes  with  inherent  weaknesses. 

Hot-wire  probes  used  for  flow-field  measurements  are  also 
calibrated  in  the  wind  tunnel  free-stream  flow  to  obtain  both  the 
heat-loss  coefficient  (Nusselt  number)  and  the  temperature  recovery 
factor  characteristics  of  the  wire  sensor  as  functions  of  Reynolds 
number.  The  variations  of  Reynolds  number  in  the  free  stream  are 
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obtained  by  varying  the  tunnel  total  pressure  (PT)  while  holding  the 
tunnel  total  temperature  (TT)  at  a  nominally  constant  valve.  The 
resulting  relationships  are  used  to  determine  the  values  of  the  various 
wire  sensitivity  parameters  required  in  the  reduction  of  the 
quantitative  measurements. 

Identical  calibration  procedures  are  used  with  hot-film  probes  in 
the  oven  and  in  the  tunnel  free-stream  flow  to  evaluate  film  thermal 
characteristics.  For  the  present  test,  three  hot-wire  probes  and  three 
hot-film  probes  were  calibrated  in  the  Tunnel  B  test  section  flow. 
(See  Table  3c.)  Several  additional  probes  of  both  types  were 
oven-calibrated  in  anticipation  of  their  use  in  the  testing. 

A  calibration  of  the  recovery  factor  of  two  total -temperature 
probes  as  a  function  of  Reynolds  number  was  made  in  the  free-stream 
flow  of  the  tunnel  test  section  simultaneously  with  the  calibration  of 
the  anemometer  probes.  The  local  total  temperature  for  the  probes  in 
free-stream  flow  was  assumed  to  be  equal  to  the  measured  stilling 
chamber  temperature,  TT  (see  Section  3.3.4). 

3.3  DATA  REDUCTION 

3.3.1  Anemometry  Data 

In  the  present  discussion  of  the  reduction  of  anemometer  data, 
only  the  basic  measurements  tabulated  in  the  data  package  that 
accompanies  this  report  will  be  considered.  (Examples  of  the 
tabulations  are  shown  in  the  Sample  Data.)  The  data  processing 
associated  with  spectral  analysis,  modal  analysis,  and  determination  of 
amplification  rates  of  laminar  disturbances  is  beyond  the  scope  of  this 
report.  However,  extended  data  reduction  of  the  present  hot-wire 
results  to  achieve  these  analyses  is  planned. 

The  basic  measurements  associated  with  quantitative  hot-wire  data 
are  the  following  parameters:  wire  heating  current  (CURRENT),  wire 
mean  voltage  (EBAR),  and  the  rms  value  of  the  wire  fluctuating  response 
voltage  (ERMSA).  The  average  value  of  40  measurements  of  each  of  the 
three  parameters  was  determined  for  each  of  the  11  nominal  wire  heating 
currents  employed,  and  the  results  were  tabulated  under  the  designation 
"DATA  TYPE  9"  together  with  certain  associated  model,  flow  field,  and 
tunnel  conditions.  (See  Sample  1.)  Similarly,  the  basic  parameters  of 
the  hot-film  data  are  the  film  heating  current,  the  film  mean  voltage, 
and  the  rms  value  of  the  film  a-c  response  voltage  (ERMSF).  Each  of 
these  parameters  was  measured  40  times  for  each  of  the  11  nominal  film 
heating  currents  and  the  average  values  were  tabulated  on  the  second 
page  of  the  DATA  TYPE  9  results. 

Free-stream  tunnel  conditions  that  are  applicable  to  anemometer 
and  total -temperature  probe  calibrations  are  tabulated  under  the 
designation  "DATA  TYPE  6."  (See  Sample  2.) 
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3.3.2  Flow-Field  Survey  Data 

The  mean  flow-field  data  reduction  included  calculation  of  the 
local  Mach  number  and  other  local  flow  parameters,  determination  of  the 
height  of  each  probe  relative  to  the  model  surface,  correction  of  the 
total -temperature  probe  measurements  using  the  recovery  factor 
calibration  (Section  3.2.3),  definition  of  the  boundary- layer  total 
thickness,  and  evaluation  of  the  displacement  and  momentum  thicknesses. 
Sample  tabulated  data  are  shown  in  Sample  3,  and  typical  plotted 
results  are  shown  in  Fig.  7.  The  data  reduction  procedures  are 
outlined  as  follows. 

The  local  Mach  number  in  the  flow  field  adjacent  to  the  model  was 
determined  using  the  measured  pitot  pressure  (PP)  and  the  model  static 
pressure  (PWL).  The  pressure  distribution  on  each  model  configuration 
is  shown  in  Fig.  8. 

The  height  of  each  probe  above  the  model  surface  was  calculated 
for  each  point  in  a  given  flow-field  survey,  taking  into  consideration 
the  following  parameters:  the  initial  distance  determined  from  the 
CCTV  image,  the  distance  traversed  from  the  initial  position  employing 
the  survey  probe  drive,  the  lateral  displacement  of  the  probe  from  the 
vertical  plane  of  symmetry  of  the  model,  and  the  local  radius  of  the 
model  at  the  station  of  the  flow-field  survey. 

The  height  of  the  pitot  pressure  probe  above  the  model  surface 
(ZP)  was  used  as  the  reference  for  all  probes.  The  recovery 
temperature  measurements  (TTTU)  of  the  total  temperature  probe  were 
used  to  interpolate  a  value  (TTLU)  corresponding  to  each  height  of  the 
pitot  probe.  Correction  of  the  interpolated  recovery  temperature, 
using  the  probe  calibration  data,  was  achieved  by  iteration  on  the 
local  Reynolds  number  (LRET)  beginning  with  the  value  calculated  using 
the  recovery  temperature  (TTLU)  to  determine  an  initial  value  for  the 
local  dynamic  viscosity  (MUTTL).  The  iteration  was  continued  until 
successive  values  of  the  "corrected"  total  temperature  differed  by  no 
more  than  0.1OR.  For  those  surveys  wherein  the  pitot  probe  was 
positioned  below  the  total -temperature  probe  (closer  to  the  model 
surface),  the  corrected  total  temperature  at  the  corresponding  pitot 
probe  heights  was  determined  from  a  second-order  curve  fit  using  three 
points,  namely:  the  model  surface  temperature  (TWL)  and  the  corrected 
total  temperature  at  the  first  two  probe  heights. 

The  total  thickness  of  the  model  boundary  layer  in  any  given 
profile  was  inferred  from  the  profile  of  the  total -temperature  probe 
corrected  temperature  (TTL).  Total  temperatures  measured  above  the 
edge  of  the  boundary  layer  (in  the  shock  layer)  remained  constant  or 
essentially  independent  of  the  probe  height.  There  was  generally  a 
distinct  "overshoot"  in  the  total  temperature  profile  immediately 
before  the  onset  of  the  constant  portion  of  the  profile.  The  height  at 
which  this  constant  portion  of  the  profile  began,  the  distance  to  the 
model  surface,  was  defined  as  the  boundary- layer  total  thickness  (DEL). 
Displacement  and  momentum  thicknesses  were  determined  by  integration 
accounting  for  the  local  radius  of  curvature  of  the  model. 
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3.3.3  Model  Surface  Pressure  and  Temperature  Data 

Model  surface  pressures  and  temperatures  were  tabulated  under  the 
designation  "DATA  TYPE  2"  and  "DATA  TYPE  4."  The  data  presented  as 
DATA  TYPE  2  (see  Sample  4)  represent  a  single  measurement  of  each 
pressure  and  each  temperature.  These  data  were,  in  general,  acquired 
when  the  survey  probes  were  positioned  to  minimize  interference  with 
the  surface  measurements. 

Model  surface  measurements  were  also  included  among  the  DATA 
TYPE  4  results.  In  this  case,  surface  conditions  were  measured  each 
time  that  probe  data  were  acquired.  The  surface  data  presented  in 
these  tabulations  represent  the  average  of  the  values  measured  at  each 
orifice  and  each  thermocouple.  It  should  be  noted  that  pressures  along 
the  0-,  90-,  and  270-deg  rays  at  X  =  38  in.  were  often  influenced  by 
the  presence  of  the  survey  probes  and  the  V  survey  strut.  The  extent 
of  the  influence  was  governed  by  the  location  of  the  probes  above  the 
model.  It  is  recommended  in  general  that  only  the  pressures  measured 
along  the  180-deg  ray  be  used  from  the  surface  data  tabulated  under 
DATA  TYPE  4. 

The  model  surface  pressure,  PWL,  used  in  the  boundary- layer 
calculations  was  determined  using  a  fairing  of  the  pressures  measured 
during  the  test.  (See  Fig.  8.)  The  static  pressure  was  assumed  to  be 
constant  across  the  boundary  layer  along  the  track  of  any  given  survey. 

3.3.4  Total  Temperature  Probe  Calibration  Data 

The  recovery  factor  ETA  used  in  reducing  the  total  temperature 
probe  survey  data  was  defined  as  a  function  of  the  local  Reynolds 
number  based  on  the  nominal  diameter  of  the  thermocouple  junction. 
Free-stream  tunnel  conditions  that  are  applicable  to  the 
total -temperature  probe  calibration  are  tabulated  under  the  designation 
"DATA  TYPE  6"  (Sample  2.) 

3.3.5  Heat-Transfer  Data 

Data  measurements  obtained  from  Schmidt-Boelter  gages  consisted  of 
the  gage  voltage  (E)  and  the  embedded  thermocouple  temperature  (TG). 
The  gage  output  is  converted  to  heating  rate  by  means  of  a 
laboratory-calibrated  scale  factor  (CSF) 

QDOT  =  ( CSF)  (E)  (2) 


The  gage  wall  temperature  was  obtained  from  both  the  embedded 
thermocouple  temperature  (TG)  and  the  temperature  difference  (AT) 
across  the  wafer  (See  Ref.  13).  The  temperature  difference  (AT)  is 
proportional  to  the  gage  output  voltage  (E) 


AT  =  (K)  (£) 


(3) 
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The  gage  wall  temperature  is 


TW  =  TG  +  AT 


(4) 


The  heat  transfer  coefficient,  H(TT),  based  on  tunnel  stilling  chamber 
temperature  was  then  computed  as 


QDOT 

H(TT)  =  — - 

(TT~  TW) 


(5) 


An  example  of  the  tabulated  heat  transfer  data  is  shown  in  Sample  5. 

3.4  MEASUREMENT  UNCERTAINTIES 

In  general,  instrumentation  calibrations  and  data  uncertainty 
estimates  were  made  using  methods  presented  in  Ref.  15.  Measurement 
uncertainty  (U)  is  a  combination  of  bias  and  precision  errors  defined 
as 


t/=  ± 


B 


+  *95  S 


(6) 


where  B  is  the  bias  limit,  S  is  the  standard  deviation,  and  tg5  is  the 
95th  percentile  point  for  the  two-tailed  Student's  "t"  distribution, 
which  equals  approximately  2  for  degrees  of  freedom  greater  than  30. 

Estimates  of  the  measured  data  uncertainties  for  this  test  are 
given  in  Table  2.  In  general,  measurement  uncertainties  are  determined 
from  in-place  calibrations  through  the  data  recording  system  and  data 
reduction  program.  The  propagation  of  the  estimated  bias  and  precision 
errors  of  the  measured  data  through  the  data  reduction  was  determined 
for  free-stream  parameters  in  accordance  with  Ref.  15,  and  is 
summarized  in  Table  4. 


4.0  DATA  PACKAGE  PRESENTATION 

Basic  hot-wire  and  hot-film  anemometer  data,  boundary- layer 
profile  data,  and  model  surface  data  from  the  test  were  reduced  to 
tabular  and  graphical  form  for  presentation  as  a  Data  Package. 
Examples  of  the  basic  data  tabulations  are  shown  in  the  Sample  Data. 
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a.  Tunnel  assembly 


b.  Tunnel  test  section 

Figure  1.  AEDC  Hypersonic  Wind  Tunnel  B 


a.  Configuration  DP/DX 
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Figure  2.  Model  Geometry 
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Figure  3.  Test  Installation 
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b.  Assembled  Probes 
Figure  4.  Concluded 
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c.  Total  Temperature  Probe 


Figure  5.  Continued 
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d.  Hot- Film  Anemometer  Probe 
Figure  5.  Concluded 
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Figure  7.  Typical  Results  of  a  Boundary-Layer  Survey 
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Figure  7.  Concluded 
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Configuration  DP/DX 
Figure  8.  Concluded 


TABLE  1.  MODEL  INSTRUMENTATION  LOCATIONS 
a.  Configuration  DP/DX:  1 


PRESSURE  ORIFICE  LOCATIONS 

COAXIAL  THERMOCOUPLE 

LOCATIONS 

TAP 

X 

THETA 

T/C 

X 

THETA 

(in.) 

(deg) 

(in.) 

(deg) 

1 

12 

180 

1 

12 

90 

2 

14 

180 

2 

14 

90 

3 

16 

180 

3 

16 

90 

4 

18 

180 

4 

18 

90 

5 

22 

180 

5 

22 

90 

6 

23 

180 

6 

23 

90 

7 

24 

180 

7 

24 

90 

8 

25 

180 

8 

25 

90 

9 

26 

180 

9 

26 

90 

10 

27 

180 

10 

27 

90 

11 

28 

180 

11 

28 

90 

12 

29 

180 

12 

29 

90 

13 

30 

180 

13 

30 

90 

14 

31 

180 

14 

31 

90 

15 

32 

180 

15 

32 

90 

16 

33 

180 

16 

33 

90 

17 

34 

180 

17 

34 

90 

18 

35 

180 

18 

35 

90 

19 

36 

180 

19 

36 

90 

20 

37 

180 

20 

37 

90 

21 

38 

180 

22 

38 

270 

23 

38 

0 

24 

38 

90 

TABLE  1.  CONCLUDED 
b.  Configuration  DP/DX:  4 


PRESSURE  ORIFICE  LOCATIONS 

COAXIAL  THERMOCOUPLE 

j 

LOCATIONS 

TAP 

X 

THETA 

T/C 

X 

THETA 

(in.) 

(deg) 

(in.) 

(deg) 

1 

12 

180 

1 

12 

90 

2 

14 

180 

2 

14 

90 

3 

16 

180 

3 

16 

90 

4 

18 

180 

4 

18 

90 

5 

22 

180 

5 

22 

90 

6 

23 

180 

6 

23 

90 

7 

24 

180 

7 

24 

90 

8 

25 

180 

8 

25 

90 

9 

26 

180 

9 

26 

90 

10 

27 

180 

10 

27 

90 

11 

28 

180 

11 

28 

90 

12 

29 

180 

12 

29 

90 

13 

30 

180 

13 

30 

90 

14 

31 

180 

14 

31 

90 

15 

32 

180 

15 

32 

90 

16 

33 

180 

16 

33 

90 

17 

34 

180 

17 

34 

90 

18 

35 

180 

18 

35 

90 

19 

36 

180 

19 

36 

90 

20 

37 

180 

20 

37 

90 

21 

38 

180 

21 

36 

95.75 

22 

38 

270 

22 

36 

101.5 

23 

38 

0 

23 

36.35 

102.1 

24 

38 

90 

24 

36.70 

102.7 

TABLE  2.  ESTIMATED  UNCERTAINTIES  OF  MEASURED  PARAMETERS 
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a.  Hot-Wire  Anemometer  Measurements  at  Location 
of  Maximum  Disturbance  Energy  in  Boundary  Layer  -  Run  Sui 


TABLE  3.  CONTINUED 

c  Supplementary  Probe  Data  -  Run  Summary 


RE/FT  xIO-4 

PROBE  CALIBRATION  DATA 

FREE-STREAM  FLUCTUATION  DATA 

SET  1 

SET  2 

SET  3 

SET  1 

SET  2 

SET  3 

0.5 

23 

56 

104 

24 

57 

105 

0.8 

25,26 

54 

106 

27 

55 

107 

1.0 

29 

52 

108 

30 

53 

109 

1.2 

32 

50 

110 

33 

51 

111 

1.5 

35 

48 

112 

36 

49 

113 

Probe  Identification  Numbers 


Probe 

Assembly 

Hot-Wire 

Probe 

Hot-Film 

Probe 

Total-Temp. 

Probe 

Pitot 

Probe 

SET  1 

3 

49 

91 

81 

SET  2 

9 

58 

92 

91 

SET  3 

34 

51 

92 

91 

42 


TABLE  3.  CONCLUDED 
d.  Model  Surface  Data  -  Run  Summary 
CONFIGURATION  DP/DX:  1 
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Percent  of  Unit  of  Degree  of  Percent  of  Unit  of  Percent  of  Unit  of 
Reading  Measurement  Freedom  Reading  Measurement  Reading  Measurement 
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*  ♦  Determined  from  test  section  repeatability  and  uniformity  during  tunnel  calibration 
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Sample  1.  Anemometer  Data 
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Sample  1.  Concluded 
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Sample  2.  Probe  Flow  Calibration  Data 
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Sample  4,  Model  Surface  Measurements 
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Sample  5.  Model  Surface  Heat-Transfer  Data 


